Pathogenic bacteria possess intricate regulatory networks that temporally control the production of virulence factors, and enable the bacteria to survive and proliferate after host infection. Regulatory RNAs are now recognized as important components of these networks, and their study may not only identify new approaches to combat infectious diseases but also reveal new general control mechanisms involved in bacterial gene expression. In this review, we illustrate the diversity of regulatory RNAs in bacterial pathogens, their mechanism of action, and how they can be integrated into the regulatory circuits that govern virulencefactor production.
S
uccessful host infection by pathogenic bacteria largely depends on the coordinated expression of a multitude of virulence factors and genes involved in the infection process. Over the last decade, much has been learned about the complexities of bacterial gene expression and it is now established that bacterial genes are regulated at many different levels, including and beyond transcriptional control at the DNA level. One class of macromolecules that have seen tremendous progress with respect to their regulatory scope and mechanisms is RNA. Regulatory RNAs are now recognized as important players in many physiological and adaptive responses in pathogenic bacteria (Gripenland et al. 2010; . Some of them have been identified as previous missing links in the regulatory pathways that allow bacteria to sense population density, to modulate and modify cell-surface properties, to fine-tune their metabolism during cell growth, and to regulate virulence gene expression. Most of these findings followed the pioneering discoveries of the unexpected large numbers of many small noncoding RNAs (sRNAs) and riboswitches in nonpathogenic model bacteria (Argaman et al. 2001; Wassarman et al. 2001; Mandal et al. 2003) , which prompted many microbiologists to also systematically search for sRNAs in pathogenic bacteria. More recently, new technologies such as highthroughput RNA sequencing (RNA-seq) and high-density microarrays have facilitated the genome-wide detection of expressed RNAs in various pathogens and nonpathogens (Papen-fort and Vogel 2010; Romby and Charpentier 2010; Papenfort et al. 2013a ). Unlike 10 years ago when transposon insertions outside protein-coding regions were not deemed worth pursuing in virulence-factor screens, there is now a fast-growing list of RNA genes within intergenic regions, which seem essential for bacterial virulence. For instance, a recent study combining RNA-seq, transposon mutagenesis, and targeted deletions in Streptococcus pneumoniae identified 89 sRNAs of which a large proportion play important roles in the progression of the infection as well as in tissue tropism (Mann et al. 2012) . Overall, the study of regulatory RNAs in bacteria has become a fastgrowing field, which is reflected by the many reviews of their general functions and mechanisms in Gram-negative and Gram-positive bacteria Vogel and Luisi 2011) .
In this article, we aim to illustrate the fascinating diversity of sRNA action on their cellular targets and the importance of the dynamics in regulation using selected examples from pathogenic bacteria. These examples include independently transcribed (or unique) regulatory RNAs, that either act on other RNA molecules, or target the activity of cellular proteins; and regulatory RNAs that are intricate parts of the messenger RNAs (mRNAs) they regulate. For a more detailed classification of these riboregulators and further work in nonpathogenic organisms, we refer the reader to a number of general reviews of bacterial sRNAs (Gottesman and Storz 2011; Storz et al. 2011 ) and an excellent book dedicated to the subject (Marchfelder and Hess 2011) .
CIS-REGULATORY REGIONS OF mRNAS
Genome-wide transcriptomic analyses performed in several pathogens, including Helicobacter pylori and Listeria monocytogenes, revealed that the average size of the 5 0 untranslated region (5 0 UTR) of bacterial mRNAs is short, around 20-40 nucleotides long (ToledoArana et al. 2009; Sharma et al. 2010; Wurtzel et al. 2012) , which most likely reflects an optimization for ribosome recruitment and efficient translation. However, highly regulated pathways such as growth control, cell division, virulence, stress responses, and metabolism involve many genes with longer 5 0 UTRs. These often contain regulatory RNA elements that function as direct sensors of physical (thermosensor) or metabolic cues (Breaker 2009; Narberhaus 2010; Ramesh and Winkler 2010) , many of which are well known to alter the expression of virulence factors (Somerville and Proctor 2009) .
A widespread cis-acting RNA element in mRNAs is the metabolite-sensing riboswitch (Breaker 2011) . These RNA sequences have the ability to bind metabolites with strict specificity, to typically cause a conformational change in the mRNA and alter the expression of the downstream coding sequence at either the levels of transcriptional elongation or translational initiation (Dambach and Winkler 2009 ). Typically, the riboswitch feedback regulates the associated genes, which are typically involved in the uptake or metabolism of the sensed metabolite (Breaker 2011; Serganov and Nudler 2013) . According to sequence and structure conservation Yao et al. 2007) , riboswitches seem underrepresented in Gram-negative pathogens but may regulate almost 2% of the genes in Gram-positive bacteria such as Staphylococcus aureus (Caldelari et al. 2011) and L. monocytogenes (Toledo-Arana et al. 2009 ). Common riboswitches respond to the intracellular concentration of diverse ligands including S-adenosylmethionine (SAM), thiamine pyrophosphate (TPP), flavin mononucleotide (FMN), lysine, glycine, guanine, 7-aminomethyl-7-deazaguanine (preQ1), cobalamin, Mg 2þ , adenosine-triphosphate (ATP), or glucosamine-6-phosphate (GlcN6P). Riboswitches that sense signaling molecules such as the secondary messenger cyclic diguanosine monophosphate (c-di-GMP) have been described in Clostridium difficile and Vibrio cholera (Sudarsan et al. 2008 ). This dinucleotide is known to regulate a wide variety of functions including the transition from a motile to a biofilm lifestyle, as well as virulence gene expression. As an example of high regulatory complexity, the synthesis of a putative virulence factor of C. difficile is subject to control by an allosteric group I intron, whose self-splicing (and there-fore, formation of an intact mRNA) is regulated by a c-di-GMP-sensing riboswitch . In Salmonella typhimurium, a leader mRNA with tandem attenuators senses the intracellular concentration of ATP and of proline in an independent but additive manner (Lee and Groisman 2012a,b) . This mRNA encodes MgtC, a protein that is highly produced within macrophages and required for virulence. Most recently, an aminoglycoside-binding riboswitch that is widely distributed among antibiotic-resistant bacterial pathogens has been discovered. This riboswitch is present in the leader RNA of genes and activates the production of enzymes that confer resistance to aminoglycoside antibiotics when these are present in the environment (Jia et al. 2013) .
Riboswitches represent promising targets for novel antibacterial compounds that avoid current mechanisms of resistance (Breaker 2009; Mulhbacher et al. 2010b ). First, they are generally absent in the eukaryotic host. Second, they are amenable to structural analysis, which has provided atomic-resolution structures for disparate riboswitch classes (Serganov 2010) . Nonmetabolizable agonists were recently designed based on the crystal structure of the purine-sensing riboswitch (Mulhbacher et al. 2010a ); a pyrimidine derivative compound, PC1, binds the guanine riboswitch and constitutively switches off the essential guaA gene-encoding GMP synthase. PC1 shows bactericidal activity against S. aureus and reduces infection in mice. Importantly, this potential drug has a narrow spectrum activity as it targets exclusively bacteria containing the purine riboswitch, which should reduce selective pressure for resistance in nontargeted bacteria; indeed, no resistant bacteria arose during successive PC1 treatments (Mulhbacher et al. 2010a) . Other studies revealed the bacterial toxicity of lysine and thiamine pyrophosphate analogs, which is a result of binding to their respective riboswitches (Sudarsan et al. 2005; Blount et al. 2006) . Moreover, a natural analog of flavin, roseoflavin, is able to recognize the FMN riboswitch (Lee et al. 2009 ). Roseoflavin is synthesized by Streptomyces davawensis, its only known producer, which itself is resistant to this natural antibiotic thanks to a highly specialized FMN riboswitch that discriminates FMN from roseoflavin (Pedrolli et al. 2012) . Roseoflavin affects growth and infectivity of L. monocytogenes through the constitutive repression of a riboflavin transporter, which is controlled by an FMN-sensing riboswitch; in parallel, roseoflavin stimulates virulence gene expression independently of the FMN-sensing riboswitch (Mansjö and Johansson 2011) .
Another major class of cis-acting regulatory RNA elements in mRNAs responds to temperature. These RNA thermometers are usually characterized by irregular stem-loop structures (ROSE, FourU motifs) that sequester the ShineDalgarno (SD) region of the associated mRNA (Klinkert and Narberhaus 2009; Kortmann and Narberhaus 2012) . At low temperature (below 30˚C), these hairpins are typically stable and, hence, the ribosome binding site (RBS) is not accessible for translation. Increasing temperature melts the stem-loop structure to promote translation. At least two major transcriptional activators of virulence genes, LcrF in Yersinia pestis (Hoe and Goguen 1993; Bohme et al. 2012) and PrfA in L. monocytogenes (Johansson et al. 2002) , are known to be regulated by thermosensors. LcrF synthesis is regulated by two hierarchical thermosensitive regulators in Yersinia pseudotuberculosis. At moderate temperatures, the lcrF gene is transcriptionally repressed by the thermosensitive modulator protein YmoA, whereas a FourU thermosensor in the 5 0 UTR represses mRNA translation. At the host temperature, the SD is liberated for translation initiation (Bohme et al. 2012) . Of note, mutations that both stabilize and destabilize the RNA thermometer attenuate the virulence of Y. pseudotuberculosis. Therefore, RNA thermosensors critically contribute to adjusting the concentration of transcriptional activators to promote optimal infection programs.
Last but not least, intracellular pH has been identified as a regulatory cue for cis-regulation within bacterial mRNAs. In Salmonella, the alx leader of the mRNA of a putative transporter acts as a pH-responsive element. At high pH, the progression of RNA polymerase is affected allowing the refolding of the mRNA to promote its translation (Nechooshtan et al. 2009 ).
GENERAL PROPERTIES OF REGULATORY RNAs AND THEIR ASSOCIATED PROTEIN MACHINERY
A staggering number of sRNAs that are bona fide regulators of gene expression have been identified in bacterial pathogens Gottesman and Storz 2011; Storz et al. 2011) . One group includes sRNAs, which modulate the activities of proteins (Marzi and Romby 2012; Romeo et al. 2012) . As outlined further below, these sRNAs possess specific sequence or structural elements that mimic the natural substrates of regulatory proteins, and indirectly impact gene regulation at a global level. The second and the largest group of sRNAs so far act by base-pairing with cellular RNAs, primarily mRNAs. These sRNAs are classified based on genomic localization relative to their mRNA targets. In the first case, the antisense (asRNA) and its target RNA are transcribed in an overlapping fashion from the opposite strands of a DNA region, which usually entails considerable base complementarity. Short and long cis-encoded asRNAs regulate a variety of functions such as virulence, toxins, motility, and biofilm formation (Toledo-Arana et al. 2009; Beaume et al. 2010; Sharma et al. 2010; Lasa et al. 2011; Lioliou et al. 2012; Wurtzel et al. 2012 ). In the second case, the sRNA is encoded distant to its target(s), and typically shows only partial complementarity, which can be as short as half a dozen nucleotides. These sRNAs tend to regulate multiple rather than single target mRNAs and act in concert with transcriptional regulatory proteins or two-component systems to respond to environmental changes, envelope stress (Gogol et al. 2011) , alter nutrient conditions (Beisel and Storz 2011) , control quorum sensing (Sonnleitner et al. 2009; Felden et al. 2011; Rutherford et al. 2011) , or express virulence genes (Chao and Vogel 2010; Mellin and Cossart 2012) .
It has emerged that most of the trans-acting sRNAs in Gram-negative bacteria functionally require and interact with the RNA chaperone protein Hfq (Vogel and Luisi 2011) . Coimmunoprecipitation of cellular RNAs with Hfq followed by RNA-seq and other approaches have provided a genome-wide picture of the abundance of sRNAs in the model pathogen S. typhimurium, hinting at a large posttranscriptional network wherein 100-200 sRNAs together with Hfq may control .25% of all mRNAs (Padalon-Brauch et al. 2008; Sittka et al. 2008 Sittka et al. , 2009 Ansong et al. 2009; Chao et al. 2012; Kröger et al. 2012 ). Many of these mRNAs encode virulence factors, or proteins involved in biofilm formation and motility (Fig. 1) . Hfq is also important for the fitness and virulence of many other Gram-negative bacteria and an increasing number of Gram-positive pathogens (Chao and Vogel 2010) . There has been considerable progress in understanding how Hfq facilitates sRNA-dependent regulation (i.e., by protecting the sRNAs against degradation, helping them anneal to their mRNA targets, modifying mRNA structure for better accessibility, and recruiting important nucleases such as RNase E) (Vogel and Luisi 2011) . The situation is less straightforward in Gram-positive bacteria, in which several important pathogens including Streptococci lack a recognizable hfq gene, whereas others encode Hfq but express it only in a subset of strains within the same species (Romby and Charpentier 2010) . In L. monocytogenes, however, Hfq is required in at least one case of sRNA-mediated mRNA regulation (Nielsen et al. 2011) . The various levels of dispensability or requirement of Hfq in several pathogens may result from specific features of Hfq or sRNAs and their RNA duplexes that still need to be characterized (Jousselin et al. 2009; Horstmann et al. 2012; Romilly et al. 2012) .
There is currently very limited information on other RNA-binding proteins that might be involved in sRNA regulation, but new RNAbinding proteins keep emerging through serendipitous findings. For example in S. aureus, the pleiotropic transcriptional regulatory protein SarA was unexpectedly identified as an RNA-binding protein, which altered mRNA turnover (Roberts et al. 2006; Morrison et al. 2012) . Whether SarA affects mRNA degradation through sRNAs is still an open question. Moreover, several ribonucleases have been implicated in S. aureus virulence (reviewed in Romilly et al. 2012) . Among these enzymes, RNase III has been clearly identified as a major partner in antisense regulation (Lasa et al. 2011; Lioliou et al. 2012) . These latter global analyses using RNA deep sequencing have produced compelling evidence that RNase III processes overlapping 5 0 UTRs of divergently transcribed genes, and facilitates RNA quality control of pervasive transcription. In Sinorhizobium meliloti, the conserved and ubiquitous metalloprotein SMc01113, ortholog to E. coli YbeY, affects the accumulation of sRNAs and their mRNA targets in a way similar to Hfq (Pandey et al. 2011) . This protein, which is conserved in many pathogenic bacteria, shares structural similarities with the MID domain of eukaryotic AGO proteins. These preliminary analyses suggest that bacteria Chao and Vogel 2010) . In most bacteria examined, inactivation of the hfq gene causes a growth defect, a decrease in motility and biofilm formation, and an inability to cope with environmental stresses. Expression and/or secretion of the type III secretion system can be affected in either a negative or positive manner. (B) Gene ontology analysis of disregulated genes in a Salmonella hfq mutant strain (Sittka et al. 2008) . Bars show the percentage of Hfq-dependent genes in each pathway. Orange bars denote the five major virulence regions of S. typhimurium; green bars denote metabolic functions.
may use a protein similar to a core component of the corresponding eukaryotic RNA machinery to achieve sRNA-mediated regulation. A recent work shows that E. coli YbeY is a single strand-specific endoribonuclease, which plays key roles in 70S ribosome quality control and 16S rRNA maturation (Jacob et al. 2013 ). More generally, we expect a surge in studies in the future that use genetic screens and/or purification of ribonucleoprotein particles followed by high-throughput RNA sequencing to identify the protein cofactors involved in regulating the activity of sRNAs in pathogens.
NOVEL REGULATORY MECHANISMS OF TRANS-ACTING sRNAS
Pathogenic bacteria do not necessarily use different strategies to regulate gene expression by sRNAs compared to nonpathogenic species. Nonetheless, new mechanisms have been revealed through studies of pathogens. For example, the prototypical mechanism of trans-acting sRNAs is to sequester the RBS of target mRNAs by base-pairing to the SD sequence or start codon. However, recent work in Salmonella discovered alternative repression mechanisms by MicC sRNA and RNase E in the coding sequence of ompD porin mRNA (Pfeiffer et al. 2009; Bandyra et al. 2012) or by Rho-dependent transcription termination within the chiP porin gene by ChiX sRNA (Bossi et al. 2012) . Note that work on ChiX also revealed an indirect positive regulation wherein this sRNA is trapped by a pseudotarget mRNA, causing a derepression of its actual target (Figueroa-Bossi et al. 2009 ).
The prototypical mechanism of target activation was originally discovered in a pathogen (i.e., where RNAIII of S. aureus induces hemolysin a synthesis by resolving an inhibitory secondary structure around the RBS of this mRNA through competitive binding) ( Fig. 2A) . However, various other modes of positive regulation have also been recently discovered in pathogens. For example, the VR-RNA of Clostridium perfringens interacts with the 5 0 part of a hairpin structure that sequesters the SD sequence of collagenase mRNA, promoting a specific cleavage and stabilization of this virulence-factor-encoding transcript (Obana et al. 2010 ). In the human pathogen group A Streptococcus (GAS), the FasX sRNA activates the synthesis of the secreted virulence-factor streptokinase SKA, which aids the dissemination of the pathogen by converting the host plasminogen into the fibrin-degrading protease plasmin (RamirezPena et al. 2010) . FasX binds to the ska mRNA within its 5 0 end at a UCCC sequence motif, 30 nucleotides upstream of the RBS. This interaction enhances both the stability of the transcript and protein synthesis. Of note, Gram-positive bacteria possess 5 0 -to-3 0 exoribonuclease activity (Condon and Bechhofer 2011) , which might explain why blocking the 5 0 end of ska mRNA Figure 2 . Dual functions of peptide-coding small RNAs. (A) Quorum sensing and RNAIII-controlled gene expression. S. aureus produces an autoinducing peptide that is sensed by a histidine kinase (AgrC). Sensing of the autoinducing peptide by AgrC leads to phosphorylation of the response regulator AgrA, which, in turn, is a transcriptional activator of the bifunctional RNAIII. RNAIII encodes the hld gene (coding for d-hemolysin), and posttranscriptionally regulates several target mRNAs. Whereas spa, coa, rot, SA1000, and SA2353 mRNAs are repressed by RNAIII (Boisset et al. 2007) , the hla mRNA is activated by this bifunctional RNA (Morfeldt et al. 1995) . Red and blue arrows denote sRNA-mediated posttranscriptional activation and repression, respectively. (B) Glucose-phosphate stress and SgrS modulates virulence gene expression. The accumulation of glucose phosphate in the cytoplasm is sensed by the transcription factor SgrR, which, in turn, activates transcription of the SgrS RNA. The 5 0 region of SgrS encodes a small peptide SgrT (43 amino acids), whereas the 3 0 region contains a seed-pairing domain that targets several mRNAs with the help of the RNA chaperone Hfq. In addition to targeting the conserved sugar transporters ptsG and manXYZ, SgrS also represses the mRNA of the T3SS secreted virulence effector SopD in Salmonella ). (C) PhrS sRNA in Pseudomonas. Binding of the PhrS sRNA induces the translation of the quorum-sensing regulator PqsR translational activation of an upstream ORF (uof ), which is coupled to PqsR . Expression of PhrS is induced by ANR, an oxygen-responsive regulator, at high-cell density populations when oxygen becomes limiting. increases mRNA stability. Finally, work on the PhrS RNA in Pseudomonas aeruginosa (Fig. 2C) has revealed a mode of indirect target activation through promoting ribosome binding to a small upstream open reading frame (uof ) whose translation is coupled to pqsR ).
In the following section, several representative examples will illustrate the variety of sRNAdependent mechanisms and functions that contribute to pathogenesis.
SMALL RNAs ESTABLISH A GRADIENT OF RESPONSES IN QUORUM SENSING
In Vibrio species, the control of quorum sensing (QS) by 4 -5 paralogous sRNAs (Qrr1 -5) is a well-studied process (Ng and Bassler 2009) . At low cell density, the transcriptional regulator LuxO is continuously phosphorylated and in conjunction with RNA polymerase-bound s 54 drives the transcription of the Qrr sRNAs that base-pair to and down-regulate the hapR mRNA (Fig. 3) (Lenz et al. 2005; Bardill et al. 2011) . Active HapR inhibits the expression of virulence genes and type III secretion, whereas it induces the production of proteases and several other genes. In contrast, at high cell density, LuxO phosphorylation is inhibited and HapR is expressed (Fig. 3) . Interestingly, Qrr4 also represses the luxO mRNA, which effectively creates a posttranscriptional feedback loop that facilitates precise gene regulation during the transition from the exponential to the stationary phase of growth (Tu et al. 2010) . The Qrr sRNAs also directly activate the expression of AphA (Fig. 3) , which is a transcriptional repressor of the hapR gene and the dominant QS regulator at low cell density conditions (Rutherford et al. 2011; Shao and Bassler 2012 Figure 3 . Several sRNAs regulate quorum sensing in Vibrio cholerae. At low cell density, the histidine kinasereceptor LuxPQ phosphorylates LuxU, which, in turn, phosphorylates LuxO (LuxO-P). LuxO-P, together with the RNAP-s 54 holoenzyme, activates the transcription of 5 sRNAs, Qrr1-5 (Rutherford et al. 2011) . These sRNAs together with Hfq repress the translation of hapR mRNA and activate the translation of ahpA mRNA through an anti-antisense mechanism. Qrr4 also represses the translation of luxO mRNA, thus creating a negative-feedback regulation. At high cell density and high concentrations of extracellular autoinducer-2, the LuxPQ receptor acts as a phosphatase and dephosphorylates LuxO. In consequence, the synthesis of Qrr sRNAs is arrested and the synthesis of HapR is derepressed, and a gradient of higher concentrations of HapR (in blue) over AphA (in pink) is established to provide a large range of responses. In addition, AphA and HapR autoregulate their own synthesis at the transcriptional level. Red and blue arrows denote sRNA-mediated posttranscriptional activation and repression, respectively. density, whereas HapR production is strongest at high cell density. Hence, the Qrr sRNAs act as the switch determining which transcription factor is expressed, and cause reciprocal gradients of AphA and HapR concentrations to establish the gene expression patterns at low and high cell density (Fig. 3) (Rutherford et al. 2011) . Mechanistically, two conserved regions in the Qrr4 of V. cholerae were identified to base-pair with mRNA targets of this sRNA, aphA and hapR, and are used to discriminate between them (Shao and Bassler 2012) . In this context, sRNAs are at the heart of a dynamic system to precisely control the expression of quorumsensing-controlled genes by balancing the levels of cell density master regulators during growth.
SMALL RNAs ARE REGULATORS OF VIRULENCE GENES AND SIGNALING PATHWAYS
The two most recent additions to the list of Vibrio sRNA regulators affecting pathogenicity are TarA and TarB sRNAs, both of which are controlled by the master virulence regulator ToxT. TarA negatively regulates the major Vibrio glucose transporter ptsG (Richard et al. 2010) , whereas TarB down-regulates the secreted colonization factor TcpF (Bradley et al. 2011) . TarB also decreases the expression of another transcription regulator, VspR, belonging to the Vibrio seventh pandemic island-1 (VSP-1) (Davies et al. 2012) . VspR directly represses a gene that encodes a new family of dinucleotide cyclases. Cyclic nucleotides play a role in biofilm formation, flagellum biosynthesis, DNA integrity, and cell membrane stress. In V. cholerae, the signal molecule seems to be predominantly cAMP-GMP, whose accumulation represses chemotaxis, and as an indirect effect enhances intestinal colonization by the bacterium (Davies et al. 2012 ). This study shows for the first time a link between sRNA-dependent regulation and intracellular signal molecules as cyclic dinucleotides, which modulate various cellular activities including pathogenesis and the transition between sessility and motility. Another sRNA, VrrA, of V. cholerae modulates the infection of the host intestinal tract and contributes to bacterial fitness in response to stressful environments. This sRNA represses the translation of ompA mRNA and causes a significant reduction of TcpA, a toxin coregulated pilus (Song et al. 2008) .
In Yersinia pestis, the formation of biofilms is dependent on exopolysaccharide synthesis, which is controlled by the intracellular yields of c-di-GMP. Hfq was recently shown to activate the expression of the c-di-GMP phosphodiesterase HmsP at the transcriptional level while it also induces rapid degradation of hmsT mRNA encoding the diguanylate cyclase via the 5 0 UTR (Bellows et al. 2012) . Whether these regulatory events are mediated through the binding of sRNAs is unknown. However, dysregulation of c-di-GMP turnover and severe attenuation of pathogenesis in the hfq mutant suggest that sRNAs are involved in the c-di-GMP-mediated response to environmental conditions regulating virulence.
DUAL-FUNCTION RNAs ENCODING BOTH A PROTEIN AND A RIBOREGULATOR
The prime example of a bifunctional sRNA is the well-characterized staphylococcal RNAIII, which is the main intracellular effector of QS (Novick 2003) . The noncoding parts of RNAIII control gene expression at the posttranscriptional level via an antisense mechanism ( Fig.  2A) . The 5 0 UTR of RNAIII binds to the leader region of hla mRNA to facilitate ribosome recruitment, whereas the large 3 0 UTR primarily acts as a repressor domain. The 3 0 UTR contains three redundant hairpin structures with conserved C-rich sequences located in their apical loops. This motif is often used to bind G-rich sequences in mRNAs located primarily in the RBS (Huntzinger et al. 2005; Boisset et al. 2007; Chevalier et al. 2010) . Although the topologies of the RNAIII-mRNA duplexes are different, they all efficiently prevent ribosome binding and recruit the double-strand-specific RNase III, which initiates the rapid degradation of the repressed mRNAs. The repressed mRNAs encode adhesin factors ( protein A, coagulase, SA1000) and the transcriptional repressor of toxins, Rot (Geisinger et al. 2006; Boisset et al. 2007 ). Thus, the temporal regulation of vir-ulence factors favors the transition of the bacterial population from a defensive mode (colonization) toward an offensive mode (dissemination). Besides the regulatory functions, RNAIII contains the hemolysin d ORF (hld), which produces a phenol-soluble modulin. Both hemolysin d peptide and the riboregulatory part of RNAIII play roles in virulence (Novick and Geisinger 2008) . Surprisingly, the synthesis of hemolysin d was found delayed by 1 h after the transcription of RNAIII and this delay was abolished when the repressor domain located at the 3 0 end of RNAIII was deleted (Balaban and Novick 1995) . Whether the regulatory activities of RNAIII might influence hld translation awaits further experimental works.
SgrS is a well-conserved bifunctional RNA in enteric bacteria and is transcribed in response to glucose-phosphate stress to prevent the inhibition of cell growth. It acts by inhibiting translation followed by degradation of mRNAs encoding sugar transporters (Fig. 2B) . In the particular case of the manXYZ operon in E. coli, SgrS binds to two specific sites in the manX coding region and in the manX-manY intergenic region. Pairing at both sites is required for efficient mRNA degradation, but pairing at one site only is sufficient to inhibit translation of the respective genes (Rice et al. 2012) . SgrS also contains a small ORF, SgrT, which prevents glucose uptake by the transporters (Wadler and Vanderpool 2007) . In Salmonella, the SgrS sRNA uses its conserved seed-pairing domain in its 3 0 end to repress both the major sugar uptake proteins (as in E. coli) and the Salmonella-specific secreted effector protein SopD (Fig. 2B) . Strikingly, the almost identical SopD2 protein is not regulated by SgrS, owing to a single hydrogen bond difference in the duplexes formed by SgrS with the sopD or sopD2 mRNAs . SgrS is up-regulated under different stress conditions, and its genomic deletion attenuates Salmonella virulence in mice (Santiviago et al. 2009) .
A third example of a bifunctional RNA from a pathogen is PhrS of P. aeruginosa (Fig. 2C) . PhrS is an activator of one of the key quorumsensing regulators, PqsR, in this organism, and achieves activation by an interesting mechanism. It activates by base-pairing a short upstream ORF to which the pqsR gene is translationally coupled, and so increases protein synthesis of PqsR, too. The PhrS RNA also encodes a conserved protein whose expression has been confirmed but whose cellular function remains to be elucidated ).
TRANS-ACTING sRNAs MADE FROM THE UTRs OF mRNAs
Work in several pathogenic bacteria has shown that 5 0 UTRs and 3 0 UTRs of mRNAs can accumulate as stable RNA species, suggesting that they might function as riboregulators in trans (e.g., Toledo-Arana et al. 2009; Beaume et al. 2010; Sharma et al. 2010 ). This concept was originally termed "parallel transcriptional output" following observations of short distinct RNA species that accumulated from UTRs and riboswitch regions in nonpathogenic E. coli (Vogel et al. 2003) .
Recent work in L. monocytogenes has produced proof of this concept, demonstrating that cis-acting riboswitches located in the 5 0 UTR of mRNAs can also regulate gene expression in trans. The L. monocytogenes genome encodes for seven putative SAM riboswitches, named SAM riboswitch element (SreA-G). In low-nutrient conditions, SreA is transcribed together with its downstream genes. In contrast, under rich medium conditions, SreA is produced as an sRNA owing to premature transcriptional arrest, and binds to the prfA mRNA 80 nucleotides upstream of the SD sequence to repress translation ( Fig. 4A) . Because the prfA mRNA encodes a transcriptional activator of virulence factors, the data establishes a link between metabolism and pathogenesis. The regulation of PrfA synthesis is unique because the prfA mRNA also contains a thermosensor allowing the coordinated expression of virulence factors at the permissive temperature of the host. Its 5 0 UTR folds into a stable hairpin structure sequestering the SD at 30˚C (Johansson et al. 2002) . At 37˚C, this structure is destabilized allowing PrfA expression and consequently the synthesis of virulence factors. The trans-acting regulatory effect of SreA only occurs at 37˚C when the thermosensor is melted rendering the complementary sequences to SreA available for binding. This novel mechanism of riboswitch functioning in trans suggests that revisiting known cis-acting RNAs in different growth conditions may provide new insights into RNA regulation ). Indeed, other riboswitches such as the ones sensing riboflavin or thiamine have also been known to produce sRNAs (Vogel et al. 2003) .
There is now evidence that 3 0 UTRs also produce RNA species that act in trans. A recent study analyzed Hfq-associated RNA species from multiple stages of growth in S. typhymurium, and revealed a large number of new sRNAs that originated from mRNA loci . The Hfq association strongly suggests that these new sRNAs are functional, rather than being passive degradation products. One of them, called DapZ, coincides with the 3 0 region of the biosynthetic gene dapB. It is transcribed from a promoter just upstream of the dapB stop codon, but terminates at the same stem-loop structure as the longer, protein-coding dapB mRNA. Importantly, in Salmonella, this gene-internal dapZ promoter evolved to be During the exponential phase of growth (i.e., under rich nutrient conditions), S-adenosylmethionine (SAM) binds to SreA, the terminator structure (in red) is formed, and transcription is prematurely halted ). At 37˚C, the prfA thermosensor (in green) melts to expose the SD for PrfA synthesis and consequently the virulence factors are produced. Under these conditions, the SreA-terminated transcript represses prfA mRNA translation by binding to the 5 0 UTR 80 bp upstream of the SD and turning off its expression by an unknown mechanism. (B) 3 0 UTR-derived sRNA in S. typhimurium. The synthesis of DapZ (in red) is induced by HilD, the master regulator of Salmonella invasion genes. DapZ carries a short unpaired G/U-rich region that initiates binding to the conserved C/A-rich regions in dppA and oppA mRNAs, which encode the major ABC transporters . The same target sites are recognized by a similar G/U-rich seed region of GcvB sRNA, the master sRNA regulator of amino acid transporters.
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Cite this article as Cold Spring Harb Perspect Med 2013;3:a010298 activated by the regulator of invasion genes, HilD, rendering DapZ sRNA production part of a Salmonella-specific virulence program (Fig. 4B) . DapZ uses a short G/U-rich seed sequence to repress the dppA and oppA mRNAs encoding major ABC transporters . Thus, this Hfq-dependent sRNA from an mRNA 3 0 UTR is functionally homologous to GcvB, an sRNA that regulates many amino acid transporters (Sharma et al. 2011 ). There are many other Salmonella mRNAs with potential double output, producing both a protein and an Hfq-dependent sRNA from their 3 0 UTRs under virulence conditions ).
THE FUNCTIONAL IMPACT OF LONG AND SHORT FULLY COMPLEMENTARY asRNAS
Transcriptomic analyses in several pathogenic bacteria have revealed a high occurrence of antisense transcription throughout their genomes. Recent studies have reported different roles of such antisense transcripts (Fig. 5 ). An unusually long antisense RNA of 1.2 kb (lasRNA), AmgR, was identified in Salmonella (Lee and Groisman 2010). AmgR is transcribed from a promoter located in the mgtC-mgtB intergenic region of the polycistronic mgtCBR mRNA, which encodes an inner membrane Mg 2þ transporter, and a 30-amino-acid-long peptide involved in the proteolysis of MgtC, respectively (Fig. 5A) . The MgtC protein is necessary for survival within macrophages, virulence in mice, and growth at low Mg 2þ concentrations (Lee and Groisman 2010) . Expression of AmgR induces rapid degradation of the mgtC and mgtB mRNAs in an RNase-E-dependent manner that does not require Hfq. Intriguingly, the transcription of both mgtCBR and amgR is activated by the PhoP transcription factor but the promoter of amgR is weaker. Surprisingly, inactivation of the chromosomal amgR promoter enhances Salmonella virulence most likely owing to enhanced levels of MgtC and MgtB. Thus, AmgR functions as a temporal regulator to alter MgtC and MgtB levels after the onset of PhoP-inducing conditions, which is critical for Salmonella virulence.
Another type of lasRNA was identified in pathogenic and nonpathogenic Listeria strains.
They are rather large in size (up to 6.5 kb), overlap one ORF, and serve as the 5 0 UTR of a neighboring encoded ORF. For one of these lasRNAs, it was experimentally shown that its proximal part negatively regulates the expression of the gene transcribed on the opposite strand and that its distal part acts as a polycistronic mRNA for the downstream operon (Fig. 5B) . Interestingly, the expression of one of these dual-functional lasRNAs leads to an activation of a permease and results in a simultaneous silencing of the associated efflux pump. This particular type of genomic locus, encoding an unusually long asRNA that spans divergent genes or operons with related or opposing functions, has been termed an "excludon" (Toledo-Arana et al. 2009; Wurtzel et al. 2012; Sesto et al. 2013 ). Overlapping transcripts from divergently transcribed genes may also generate a positive regulation. In S. aureus, several divergent mRNAs contain overlapping 5 0 UTRs, which are processed by RNase III ). This processing generates functional mRNAs but with shorter 5 0 UTRs. Whether this processing has a positive effect on translation has yet to be analyzed.
Another study using RNA deep sequencing to analyze short RNA fractions of S. aureus has revealed a large collection of 22-nucleotide RNA fragments generated by RNase III digestion of sense/antisense transcripts from all over the chromosome (Lasa et al. 2011) . More than 75% of the mRNAs were subjected to specific RNase III processing as the result of antisense regulation. Deletion of RNase III significantly reduces the amount of short RNA fragments and concomitantly leads to the accumulation of low levels of antisense transcripts. These data are indicative of genome-wide antisense transcription, which is hidden owing to RNase III processing of sense/antisense transcripts. Interestingly, the involvement of RNase III in this novel posttranscriptional process appears to be restricted to Gram-positive bacteria (Lasa et al. 2011) .
A particular mechanism of antisense regulation has been recently proposed for the staphylococcal type I toxin -antitoxin SprA1/SprA1-AS (Sayed et al. 2011 ). SprA1 encodes a peptide, (Wurtzel et al. 2012) . Expression of these lasRNAs may activate the downstream operons while inhibiting the expression of genes located antisense to them, which usually have opposite functions to the operon. (C) SprA1 AS is a short, 60-nucleotide-long antisense RNA of a toxin -antitoxin (TA) system in S. aureus. It overlaps with the 3 0 end of the dual-functional SprA1 sRNA. SprA1 AS was shown to use its 5 0 end to base-pair with SprA1 sRNA through imperfect pairing, and to repress the translation of the SprA1-encoded small cytolytic peptide (Sayed et al. 2011) .
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Cite this article as Cold Spring Harb Perspect Med 2013;3:a010298 which has lytic activity toward human erythrocytes and displays antimicrobial activity against Gram-positive and Gram-negative bacteria. Surprisingly, structure probing combined with mutational analysis shows that the short SprA1-AS binds to the RBS of SprA1 through imperfect pairings to prevent translation of the peptide. Unexpectedly, the interacting region does not involve the 3 0 end of SprA1-AS, which is fully complementary to the 3 0 end of SprA1. Instead, the active region is located in its 5 0 part that is partially complementary to the RBS of SprA1 (Fig. 5C ). The fully complementary regions of both RNAs corresponded to stable Rho-independent terminators, which are probably unfavorable to promote the rapid formation of stable intermolecular pairings. Hence, the 5 0 unpaired region of SprA1-AS may be more appropriate to promote fast binding with the connecting loop L2 of the pseudoknot of SprA1, a mechanism often used by sRNAs from Gramnegative bacteria .
SMALL RNAs AS DECOYS TO REGULATE THE REGULATORY ACTIVITIES OF PROTEINS
As mentioned earlier, a limited number of sRNAs modulate the activity of posttranscriptional regulators (Fig. 6 ). Among them, Crc and CsrA/RsmA are RNA-binding proteins discovered in Pseudomonas species (Babitzke et al. 2009; Rojo 2010; Romeo et al. 2012) . They share functional resemblances, but no amino acids sequence and structure similarities. Both proteins are involved in gene regulation of several processes like secondary metabolism, carbon storage, stress response, and virulence, and repress translation of target mRNAs. For example, Crc binds with high affinity to an unpaired AANAANAA sequence (in which N is C ¼ U . A) located upstream of or downstream from the AUG initiation codon of mRNAs to repress their translation (Moreno et al. 2009; Sonnleitner et al. 2009 ). Furthermore, they are themselves controlled by sRNA-mediated regulation (Fig. 6) . Indeed, CsrZ sRNA from P. aeruginosa (Sonnleitner et al. 2009 ) and CsrYand CrsZ in Pseudomonas putida (Moreno et al. 2012 ) contain several Crc recognition motifs AANAANAA. CsrZ and CsrY act as antagonists and sequester Crc allowing translation of the target mRNAs (Fig. 6B) . Similarly, the activity of RsmA is antagonized by two sRNAs, RsmY and RsmZ, whose expression is exclusively regulated by the GacS/GacA two-component system, the master regulator of virulence in P. aeruginosa (Fig. 6A) . The GacA-response regulator transduces external regulatory signals and binds exclusively to two chromosomal loci to activate the expression of RsmYand RsmZ (Brencic et al. 2009 ). Both RsmY and RsmZ contain multiple GGA motifs to sequester RsmA (Heurlier et al. 2004; Kay et al. 2005) . RsmA itself binds to the conserved GGA motifs located in the 5 0 UTR of target mRNAs, resulting in translational repression. In summary, RNA mimicry regulates many processes that can directly alter the function of nucleic acid-binding proteins (Marzi and Romby 2012) .
Finally, 6S RNA is a (structurally) well-conserved sRNA in all bacteria. It interacts with the housekeeping form of RNA polymerase in complex with s 70 and inhibits expression from certain promoters when the bacteria shift from the exponential to the stationary phase of growth (Wassarman 2007) . The sequestration of s 70 by 6S RNA down-regulates s
70
-dependent transcription thereby facilitating transcription from stationary phase s-factor-dependent promoters. The involvement of 6S RNA in pathogenesis was first shown in Legionella pneumophila, which is a Gram-negative opportunistic human pathogen that infects and multiplies in a broad range of phagocytic protozoa and mammalian phagocytes. The 6S RNAwas shown to positively regulate the expression of genes encoding type IVB secretion system effectors, stress response genes, as well as many genes involved in the acquisition of nutrients (Faucher et al. 2010) . Deletion of 6S RNA significantly reduces L. pneumophila intracellular multiplication in both protist and mammalian host cells.
GENERAL CONCLUSION AND PERSPECTIVES
The analysis of sRNAs in bacterial pathogens is undergoing a paradigm shift because deep se-quencing can rapidly discover and report expression profiles of, in principle, all RNAs of an organism. Recently, deep sequencing performed on several major pathogens such as S. aureus (Beaume et al. 2010; Bohn et al. 2010; Lasa et al. 2011) , H. pylori , L. monocytogenes (Oliver et al. 2009; Wurtzel et al. 2012) , S. pneumoniae (Mann et al. 2012 ), or V. cholerae (Mandlik et al. 2011 ) has revealed hundreds of previously undetected transcripts in both sense and antisense orientations. Numerous short transcripts derived from 5 0 or 3 0 UTRs, or internal regions of mRNAs have been detected, and some of them were recently shown to behave as independent modules Chao et al. 2012) . Novel mechanisms have been found in representative pathogens of Gram-positive bacteria in which sRNAs bind at (Lapouge et al. 2008) . The RsmY/Z RNAs contain multiple RsmA binding sites and counteract RsmA activity via a titration mechanism in several different plant and human pathogens. Similar small RNAs (e.g., CsrB) target the homologous CsrA protein in enterobacteria (Romeo et al. 2012) . (B) Crc is an RNA-binding protein that modulates expression by antagonizing translational initiation (Moreno et al. 2009 ). CrcY/Z RNAs carry up to six Crc-binding sites and counteract Crc activity via a titration mechanism.
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Cite this article as Cold Spring Harb Perspect Med 2013;3:a010298 the 5 0 end of the target mRNA to protect the mRNAs against degradation, which is a mechanism that has not yet been found in Gram-negative bacteria. It is now time to explore other avenues such as sRNA-mediated modulation of chromosome structure, sRNA-dependent activation of virulence factors, sRNAs that affect the mobility of pathogenicity islands, the expression of host genes, or cell-to-cell communication. Efforts to combine experimental and computational approaches will advance our knowledge of sRNA functions and of their regulons. The importance of the sRNA and mRNA structures, the identification of the initial contacts, the possibility to form multiple binding sites and noncanonical base pairs, the stoichiometry of sRNA-mRNA complexes are criteria that need to be taken into account to improve the search for primary targets.
Most studies have provided a static picture of sRNA-dependent regulation in a population of cells. However, identical genotype and growth environments are insufficient to ensure that individual cells within clonal microbial cultures will show the same phenotype (Gefen and Balaban 2009 ). This heterogeneity confers the ability of a population to persist in response to external changes and to exploit new niches. Biofilm formation represents such heterogeneity of cells within an isogenic bacterial cell population. A recent study has shown that the major biofilm regulator CsgD in Salmonella is expressed in a bistable manner during the biofilm development (Grantcharova et al. 2010) . Interestingly, ArcZ sRNA repressed the translation of the csgD mRNA and contributed to the transition between sessility and biofilm formation Monteiro et al. 2012) . Whether ArcZ contributes to the bistable expression of CsgD remains to be studied.
Only a few of the known sRNAs have been functionally characterized in vivo (Mann et al. 2012) . A novel approach, TRADIS (i.e., transposon directed insertion-site sequencing), has been developed to simultaneously assay every gene of S. typhimurium for essentiality (Langridge et al. 2009 ). Therefore, one could obtain, in the near future, the list of sRNAs that are essential under specific conditions, or for pathogenesis of a given bacterium. The clinical significance of S. aureus sRNAs has been recently shown in human colonization and infection (Song et al. 2012) . The expression levels of five sRNAs from S. aureus were shown to be highly variable in abscesses and in sputum samples of cystic fibrosis patients suggesting specific host responses. Conversely, they were highly uniform in the nasal carrier samples, which probably reflects the commensalism of S. aureus in this niche. This study also revealed that the expression of sRNAs in cells grown in rich medium culture does not uniformly mimic the in vivo conditions (Song et al. 2012) . Therefore, the host response or the human microbiome may influence the expression pattern of sRNAs or vice versa. This suggests that a Dual RNA-seq approach on the host and pathogen will provide a more comprehensive view of the gene expression changes occurring in both the pathogen and the host (Westermann et al. 2012) . Another interesting issue would be to search for secreted bacterial sRNAs, which could act as signaling molecules or perturb the host response. A recent study has shown that efficient cytosolic immune sensing requires the release of RNA and DNA from live Listeria to the cytoplasm of infected cells (Abdullah et al. 2012) . These secreted bacterial RNA/DNA were recognized by the cytosolic sensors to trigger interferon b production and to cause inflammasome activation.
Clearly we are only beginning to fully understand the roles of sRNAs in bacterial pathogenesis and persistence. Continued characterization of the functions, structures, and mechanism of action of individual sRNAs and their machineries will help us to fully understand the regulatory circuits that enable the bacteria to survive within the host and to cause disease.
Recent observations suggest that the Crc protein is devoid of RNA-binding activity and might act together with Hfq (Milojevic et al. 2013) . From the genetic data, Crc counteracts the action of the small ncRNA CrcZ/Y, but experimental work is further required to reveal whether Crc is acting indirectly through Hfq or not. Regarding the recently reported aminoglycoside-binding riboswitch, Roth and Breaker (2013) have debated the physiological role of this RNA element with respect to its potential antibiotic sensing. There have been recent new findings related to the small RNA activities illustrated in this article. SgrS RNA (Fig. 2B ) was revealed to function as an activator in addition to its known repressor functions (Papenfort et al. 2013b ). The Qrr sRNAs (Fig. 3) have been found to control an unexpected large suite of new mRNA targets (Shao et al. 2013 ).
